Research throughout the last century has led to a consensus as to the strategy of the humoral component of the immune system. The essence is that, for killing, the antibody molecule activates additional systems that respond to antibody-antigen union. We now report that the immune system seems to have a previously unrecognized chemical potential intrinsic to the antibody molecule itself. All antibodies studied, regardless of source or antigenic specificity, can convert molecular oxygen into hydrogen peroxide, thereby potentially aligning recognition and killing within the same molecule. Aside from pointing to a new chemical arm for the immune system, these results may be important to the understanding of how antibodies evolved and what role they may play in human diseases.
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T he antibody is a remarkable adaptor molecule, having evolved both targeting and effector functions that place it at the frontline of vertebrate defense against foreign invaders (1) . In terms of the effector mechanism, the central idea is that antibodies themselves do not possess destructive ability but mark foreign substances for removal by the complement cascade and͞or phagocytosis (2, 3) .
The advent of antibody catalysis has demonstrated that antibodies are capable of much more complex chemistry than simple binding (4) . This has inevitably lead to the question as to whether more sophisticated chemical mechanisms are part of the strategy of the antibody molecule itself. Thus far, there has been no evidence to support this idea, and we are left with the notion that just because antibodies are capable of complex chemistry, it does not mean that they use it in host defense. However, we now report a hitherto unremarked capacity of antibodies to convert molecular oxygen into hydrogen peroxide, thereby effectively linking recognition and killing events.
Materials and Methods
The following whole antibodies were obtained from PharMingen: 49. 2 All assays were carried out in PBS (10 mM phosphate͞160 mM sodium chloride, pH 7.4). Commercial protein solution samples were dialyzed into PBS as necessary. Amplex Red hydrogen peroxide assay kits (A-12212) were obtained from Molecular Probes.
Antibody͞Protein Irradiation. Unless otherwise stated, the assay solution (100 l, 6.7 M protein in PBS, pH 7.4) was added to a glass vial, sealed with a screw-cap, and irradiated with either UV (312 nm, 8000 Wcm
Ϫ2
Fischer-Biotech transilluminator) or visible light.
Quantitative Assay for Hydrogen Peroxide. An aliquot (20 l) from the protein solution was removed and added into a well of a 96-well microtiter plate (Costar) containing reaction buffer (80 l). Working solution (100 l͞400 M Amplex Red reagent 1͞2 units/ml horseradish peroxidase) was then added, and the plate was incubated in the dark for 30 min. The f luorescence of the well components was then measured using a CytoFluor Multiwell Plate Reader (Series 4000, PerSeptive Biosystems, Framingham, MA; Ex͞Em: 530͞580 nm). The hydrogen peroxide concentration was determined using a standard curve. All experiments were run in duplicate, and the rate is quoted as the mean of at least two measurements.
Sensitization and Quenching Assays. A solution of 31127 (100 l of horse IgG, 6.7 M) in PBS (pH 7.4, 4% dimethylformamide) and hematoporphyrin IX (40 M) was placed in proximity to a strip light. Hydrogen peroxide concentration was determined as described vide supra. The assay was also performed in the presence of NaN 3 (100 mM) or PBS in D 2 O.
Oxygen Dependence. A solution of 31127 (1.6 ml, horse IgG, 6.7 M) in PBS (pH 7.4) was rigorously degassed using the freeze͞ thaw method under argon. Aliquots (100 l) were introduced into septum-sealed glass vials that had been purged with the appropriate O 2 ͞Ar mixtures (0-100%) via syringe. Dissolved oxygen concentrations were measured with an Orion 862A dissolved oxygen meter. These solutions were then vortexed vigorously, allowed to stand for 20 min, and then vortexed again. A syringe containing the requisite O 2 ͞Ar mixture was used to maintain atmospheric pressure during the course of the experiment. Aliquots (20 l) were removed using a gas-tight syringe Abbreviation: HP, hematoporphyrin.
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and hydrogen peroxide concentration measured as described vide supra. The data from three separate experiments were collated and analyzed using the Enzyme Kinetics v1.1 computer program (for determination of V max and K m parameters). Hydrogen Peroxide Formation by the Fab-1D4 Crystal. A suspension of crystals of the Fab fragment of 1D4 (2 l) was diluted with PBS (198 l, pH 7.4) and vortexed gently. Following centrifugation, the supernatant was removed, and the washing procedure was repeated twice further. The residual crystal suspension was then diluted into PBS, pH 7.4 (100 l), and added into a well of a quartz ELISA plate. Following UV irradiation for 30 min, Amplex Red working solution (100 l) was added, and the mixture was viewed on a fluorescence microscope.
Antibody Production of Hydrogen

Antibody Fluorescence Versus Hydrogen Peroxide Formation.
A solution of 31127 (1.0 ml of horse IgG, 6.7 M) in PBS (pH 7.4) was placed in a quartz cuvette and irradiated with UV light for 40 min. At 10-min intervals, the fluorescence of the solution was measured using an SPF-500C spectrof luorimeter (SLMAminco, Urbana, IL; Ex͞Em, 280͞320). At the same time point, an aliquot (20 l) of the solution was removed, and the hydrogen peroxide concentration was determined as described vide supra. 
Results and Discussion
The preliminary step in the phagocytic oxidative burst is the single electron reduction of ground-state molecular oxygen ( 3 O 2 ) by the NADPH-dependent transmembrane phagocyte oxidase enzyme system that generates superoxide anion (O 2
•Ϫ ) ( Fig. 1) (5, 6) .
Superoxide anion occupies a critical position in the cycling of oxygen-dependent microbicidal agents in vivo because although it is not itself considered to be cytotoxic (7), it is a direct precursor of hydrogen peroxide and the toxic derivatives it spawns, such as hydroxyl radical (HO ⅐ ) and hypohalous acid (HOCl). In addition, when iron concentrations are limiting, O 2
•Ϫ is a vital reducing agent that regenerates Fe 2ϩ , thus facilitating the iron-catalyzed Haber-Weiss reaction, or the so-called superoxide-driven Fenton reaction that produces HO ⅐ (Eqs. 1 and 2). Therefore, processes that facilitate the generation of O 2
•Ϫ will ultimately perpetuate and potentiate oxygen-dependent microbicidal action.
Another key component of the oxygen-scavenging cascade is singlet molecular oxygen ( 1 O 2 ). This particularly reactive species is an excited state of molecular oxygen in which both outer shell electrons are spin-paired (8) . It is important in pathological biological systems and has a very short life-time (ca. 4 s) in vivo (9) . Generation of 1 O 2 during microbicidal processes is either direct, via the action of flavoprotein oxidases (10, 11) , or indirect, via the nonenzymatic disproportionation of O 2
•Ϫ in solutions at low pH, as found in the phagosome (Eq. 3) (12, 13) .
The high reactivity of 1 O 2 with biomolecules has meant that it is generally considered to be an endpoint in the cascade of oxygen-scavenging agents. However, we have found that antibodies, as a class of proteins, have the intrinsic ability to intercept 1 O 2 and efficiently reduce it to O 2
•Ϫ , thus offering a mechanism by which oxygen can be rescued and recycled during phagocyte action, thereby potentiating the microbicidal action of the immune system.
The measured values for the initial rate of formation of hydrogen peroxide by a panel of intact immunoglobulins and antibody fragments are collected in Table 1 . We believe that Ig-generated O 2 •Ϫ dismutates spontaneously into H 2 O 2 , which is then utilized as a cosubstrate with N-acetyl-3,7-dihydroxyphenazine 1 (Amplex Red) for horseradish peroxidase, which produces the highly fluorescent resorufin 2 (excitation maxima 563 nm, emission maxima 587 nm) (Fig. 2) (14) . To confirm that irradiation of the buffer does not generate O 2 •Ϫ and that the antibodies are not simply acting as protein dismutases (15), the enzyme superoxide dismutase was irradiated in PBS. Under these conditions, the rate of hydrogen peroxide generation is the same as irradiation of PBS alone. The rates of hydrogen peroxide formation were linear for more than 10% of the reaction, with respect to the oxygen concentration in PBS under ambient conditions (275 M). With sufficient oxygen availability, the antibodies can generate at least 40 equivalents of H 2 O 2 per protein molecule without either a significant reduction in activity or structural fragmentation. An example of the initial time course of hydrogen peroxide formation in the presence or absence of antibody 19G2 is shown in Fig.  3A . This activity is lost following denaturation of the protein by heating.
The data in Table 1 reveal a universal ability of antibodies to generate H 2 O 2 from 1 O 2 . This function seems to be shared across a range of species and is independent of the heavy and light chain compositions investigated or antigen specificity. The initial rates of hydrogen peroxide formation for the intact antibodies is highly conserved, varying from 0.15 nmol͞min͞mg [clone A95-1(rat IgG2b)] to 0.97 nmol͞min͞mg (clone PCP-21H3, a murine monoclonal IgG) across the whole panel. Although the information available is more limited for the component antibody fragments, the activity seems to reside in both the Fab and F(abЈ) 2 fragments.
If this activity were due to a contaminant, it would have to be present in every antibody and antibody fragment obtained from diverse sources. However, to further rule out contamination, crystals of the murine antibody 1D4 Fab from which highresolution x-ray structures have been obtained (at 1.7 Å) were investigated for their ability to generate H 2 O 2 (Fig. 4) . Reduction of (Fig. 5A) . The curving in the observed rates is due to consumption of oxygen from within the assay mixture. Concerns that the interaction between photoexcited HP and oxygen may be resulting in O 2
•Ϫ formation (17, 18) were largely discounted by suitable background experiments with the sensitizer alone (data shown in Fig.  5A ). The efficient formation of H 2 O 2 with HP and visible light (Fig. 5B) (19) . The substitution of D 2 O for H 2 O is known to promote 1 O 2 -mediated processes via an increase of approximately 10-fold in its lifetime (20) .
The rate of hydrogen peroxide formation is proportional to IgG concentration between 0.5 and 20 M but starts to curve at higher concentrations (Fig. 5C ). The lifetime of 1 O 2 in protein solution is expected to be lower than in pure water due to the opportunity for reaction. We reason, therefore, that the observed curvature may be due to a reduction in the lifetime of 1 O 2 due to reaction with the antibody.
Significantly, the effect of oxygen concentration on the observed rate of H 2 O 2 production shows a significant saturation above 200 M of oxygen (Fig. 5D) . Therefore, the mechanism of reduction may involve either one or more oxygen binding sites within the antibody molecule. By treating the raw rate data to nonlinear regression analysis and by fitting to the MichaelisMenten equation, a K m app(O 2 ) of 187 M and a V max app of 0.4 nmol͞min͞mg are obtained. This antibody rate is equivalent to that observed for mitochondrial enzymes that reduce molecular oxygen in vivo.
The mechanism by which antibodies reduce 1 O 2 is still being determined. However, the participation of a metal-mediated redox process has been largely discounted because the activity of the antibodies remains unchanged after exhaustive dialysis in PBS containing EDTA (4 mM). This leaves the intrinsic ability of the amino acid composition of the antibodies themselves. Aromatic amino acids such as tryptophan (Trp) can be oxidized by 1 O 2 via electron transfer (21) . In addition, disulfides are sufficiently electron rich that they can also be oxidized (22) . Therefore, there is the potential that Trp residues and͞or the intrachain or interchain disulfide bonds homologous to all antibodies are responsible for 1 O 2 reduction. To both investigate to what extent this ability of antibodies is shared by other proteins and to probe the mechanism of reduction, a panel of other proteins was studied (Fig. 6) Given the loss of antibody activity upon denaturation, the location of key residues in the protein is likely to be more critical than their absolute number. Because the majority of aromatic residues in proteins are generally buried to facilitate structural stability (26) , the nature of the reduction process was explored in terms of relative contribution of surface and buried residues by fluorescence-quenching experiments. Aromatic amino acids in proteins are modified by the absorption of Ultraviolet light, especially in the presence of sensitizing agents such as molecular oxygen or ozone (27) (28) (29) . Trp reacts with 1 O 2 via a [2 ϩ 2] cycloaddition to generate N-formylkynurenine or kynurenine, which are both known to significantly quench the emission of buried Trp residues (30) . The intrinsic fluorescence of horse IgG is rapidly quenched to 30% of its original value during a 40-min irradiation, whereas hydrogen peroxide generation is linear throughout (r 2 ϭ 0.998) (Fig. 7) . If the reduction of singlet oxygen is due to antibody Trp residues, then the solvent-exposed Trp seem to contribute to a lesser degree than the buried ones. This factor may help to explain why this ability is so highly conserved among antibodies. In greater than 99% of known antibodies there are two conserved Trp residues, and they are both deeply buried: Trp-36 and Trp-47 (31).
Conclusions
Throughout nature, organisms have defended themselves by production of relatively simple chemicals. At the level of single molecules, this mechanism has thought to be largely abandoned with the appearance in vertebrates of the immune system. It was considered that once a targeting device had evolved, the killing mechanism moved elsewhere. Our studies realign recognition with killing within the same molecule. In a certain sense this chemical immune system parallels the purely chemical defense mechanism of lower organisms, with the exception that a more sophisticated and diverse targeting element is added. Given the constraints that an ideal killing system must use host molecules in a localized fashion while minimizing self damage, one can hardly imagine a more judicious choice than 1 O 2 . Because one already has such a reactive molecule, it is important to ask what might be the advantage of its further conversion by the antibody. The key issue is that by conversion of the transient singlet oxygen molecule (lifetime 4 s) into the more stable O 2
•Ϫ , one now has access to hydrogen peroxide and all of the toxic products it can generate. In addition, superoxide is the only molecular oxygen equivalent remaining at the end of the oxygenscavenging cascade. Therefore, this ''recycling'' may serve as a crucial mechanism for potentiation of the microbicidal process. Another benefit of singlet molecular oxygen is that it is only present when the host is under assault, thereby making it an ''event-triggered'' substrate. Also, because there are alternative ways to defend that use accessory systems, this chemical arm of the immune system might be silent under many circumstances. This said, however, there may be many disease states where antibody and singlet oxygen find themselves juxtaposed, thereby leading to cellular and tissue damage. Given that diverse events in man lead to the production of singlet oxygen, its activation by antibodies may lead to a variety of diseases ranging from autoimmunity to repurfusion injury and atherosclerosis (32) .
Finally, these findings raise questions as to how the immune system may have evolved. It is possible that it began as a single protein with killing capacity and that the diversity and recognition components evolved later. Thus, the ability of certain other proteins to perform this process, although usually at a lower rate, offers the prospect that antibodies evolved by coupling this specific property of some proteins with a diversity-generated targeting device. From an evolutionary perspective, the key issue is that this ability seems to be conserved in all antibodies.
